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To accomplish key physiological processes ranging from drug
metabolism to steroidogenesis, human microsomal cytochrome
P450 enzymes require the sequential input of two electrons
delivered by the FMN domain of NADPH-cytochrome P450
reductase. Although some human microsomal P450 enzymes
can instead accept the second electron from cytochrome b5, for
human steroidogenic CYP17A1, the cytochrome P450 reduc-
tase FMN domain delivers both electrons, and b5 is an allosteric
modulator. The structural basis of these key but poorly under-
stood protein interactions was probed by solution NMR using
the catalytically competent soluble domains of each protein.
Formation of the CYP17A1�FMN domain complex induced dif-
ferential line broadening of the NMR signal for each protein.
Alterations in the exchange dynamics generally occurred for
residues near the surface of the flavin mononucleotide, includ-
ing 87–90 (loop 1), and for key CYP17A1 active site residues.
These interactions were modulated by the identity of the sub-
strate in the buried CYP17A1 active site and by b5. The FMN
domain outcompetes b5 for binding to CYP17A1 in the three-
component system. These results and comparison with previous
NMR studies of the CYP17A1�b5 complex suggest a model of
CYP17A1 enzyme regulation.

Numerous microsomal cytochrome P450 enzymes play key
roles in human drug metabolism and the biosynthesis, inter-
conversions, and degradation of hormones, vitamins, fatty
acids, and bile acids. These reactions are all critically dependent
on a single multidomain NADPH-cytochrome P450 oxi-
doreductase (CPR)3 enzyme (1). CPR is required to donate the
first electron required for cytochrome P450 catalysis, but fre-
quently it also performs a second reduction of P450 required for
substrate monooxygenation (2). The N terminus of CPR forms
a membrane-spanning anchor that co-localizes reductase to
the endoplasmic reticulum (3, 4) alongside microsomal P450
enzymes. The remainder of CPR consists of two flavin-binding

domains separated by a linker domain and a flexible hinge. One
domain of CPR contains the binding sites for the NADPH-re-
ducing agent and the flavin adenine nucleotide (FAD) cofactor
that initially accepts electrons from NADPH, whereas the
N-terminal domain binds the flavin mononucleotide (FMN)
cofactor that accepts electrons from FAD and transfers them to
the P450. In initial structures of CPR (4), the FAD and FMN
were closely associated in space, an arrangement supporting
efficient FAD-to-FMN electron transfer, but a conformation
that precludes FMN-to-P450 electron transfer. Later structures
of a CPR mutant with a deletion in the linker region revealed
several different conformations of CPR in which the FMN
domain was exposed and would be available for electron deliv-
ery to P450 (5). It has been proposed that CPR oscillates
between these states during its electron delivery cycle (5–9).
Although interactions between CPR and a given P450 enzyme
may involve some hydrophobic contributions (10), the primary
factors are thought to consist of charge pairing interactions
between the anionic surface of the FMN domain and cationic
surface residues on the proximal side (nearest the axial heme
coordination) of P450 enzymes (11–13).

Such electrostatically mediated protein interactions and sub-
sequent electron transfer from the CPR FMN domain to human
cytochrome P450 17A1 (CYP17A1) (14, 15) support two dis-
tinct steroidogenic reactions as follows: 1) hydroxylation of
pregnenolone or progesterone at the carbon 17 position; and 2)
a 17,20-lyase reaction in which 17�-hydroxypregnenolone is
converted into the initial androgen, dehydroepiandrosterone
(16). The former reaction is necessary for human production of
glucocorticoids and sex steroids and is little affected by the
presence of the small heme-containing protein cytochrome b5.
In contrast, the subsequent lyase reaction required only for
androgen and estrogen biosynthesis is significantly enhanced
by the presence of the b5, which acts allosterically without
apparent transfer of electrons in the CYP17A1 system (14, 15).
The structural nature of the complex interactions between
human (membrane) P450 enzymes, CPR, and b5 is poorly
understood, in part because no x-ray structures are available of
these complexes, although cross-linking and mutagenesis stud-
ies have made key contributions (13, 17–20), and a structure is
available of a soluble bacterial P450 with its redox partner (21).

Recently, solution protein NMR has been used to evaluate
P450 interactions with its partner catalytic proteins (22–24).
Such studies demonstrated that the presence and identity of a
ligand in the CYP17A1 active site altered [15N]b5 binding and
that b5 and CPR binding to CYP17A1 are mutually exclusive
(23). More recently, b5 binding was found to induce a redistri-
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bution of slowly exchanging [15N]CYP17A1 backbone confor-
mations, specifically in regions of the protein forming the “roof”
of the active site that is likely flexible for substrate entry (24).
Although these studies have provided important new insights
primarily into the b5�CYP interaction, the corresponding per-
spective on CYP17A1 interaction with CPR has been little
investigated.

The sizes of CPR (76.7 kDa) and CYP17A1 (57.4 kDa), the
membrane nature of both proteins, and the presumed cycling of
CPR between conformational states, all make solution NMR
studies of the complex (134.1 kDa) challenging. Thus, this NMR
study probes such interactions by employing CYP17A1 with
the N-terminal transmembrane helix deleted (55.6 kDa) and
the isolated FMN domain of CPR (21.5 kDa). This truncated
CYP17A1 performs both hydroxylase and lyase reactions (25).
The isolated FMN domain has the same structure as within
full-length CPR, can accept electrons from the isolated FAD
domain (3–5, 26), and can transmit them to a P450 (27, 28).
This simplified system permits detailed NMR studies of the
various protein interactions. Interactions between the FMN
domain and CYP17A1 induced line broadening for residues on
both proteins, consistent with an interaction in the intermedi-
ate chemical exchange time regime. A contiguous stretch of
resonances for FMN domain residues 87–90, which compose
loop 1 of the FMN binding pocket, were modestly more broad-
ened than the average, consistent with this region interacting
with CYP17A1. Differences were observed in the extent of such
line broadening when CYP17A1 contained the 17�-hydroxy-
lase substrate (pregnenolone) versus the 17,20-lyase substrate
(17�-hydroxypregnenolone) in its active site. CYP17A1 sub-
strates also modulated the ability of the FMN domain to
compete for and disrupt the CYP17A1�b5 complex. Overall,
FMN domain line broadening was more pronounced than
observed for b5 when equivalent amounts of CYP17A1 were
added, suggesting that CYP17A1 has a higher affinity for
FMN domain than b5. Integration of these results with pre-
vious structure and function information suggests a cohesive
model for modulation of CYP17A1 as required to generate
not only the male androgenic and female estrogenic sex ste-
roids but also glucocorticoids.

Experimental Procedures

Protein Expression and Purification—DNA encoding the
human CPR FMN binding domain (residues 62–241) fused to a
C-terminal His6 tag was synthesized and inserted into the pET-
15b expression vector (GenScript, Piscataway, NJ). The result-
ing construct was similar to one used previously for both NMR
and crystallographic studies (26, 29) except that the His tag was
repositioned from the N to C terminus. This plasmid was trans-
formed into chemically competent Escherichia coli BL21(DE3)
cells and selected in all subsequent cultures by incorporating
ampicillin (50 �g/ml). A single colony grown overnight at 37 °C
on a lysogeny broth (LB) agar plate was inoculated into 10 ml of
liquid LB and grown at 37 °C with shaking (250 rpm) for 8 h.
Fifty �l of this small scale culture were used to inoculate a 1-li-
ter flask containing 200 ml of LB. After shaking at 250 rpm and
37 °C overnight (�15 h), 10 ml of this culture was used to inoc-
ulate 1 liter of terrific broth in a 2.8-liter Fernbach flask. The

cells were grown at 37 °C with shaking at 250 rpm until the
absorbance at 600 nm reached �0.6 – 0.8. Expression of the
CPR FMN domain was then induced with 25 mg of isopropyl
�-D-1-thiogalactopyranoside per liter of culture, and riboflavin
(35 mg/liter, Sigma) was added to facilitate adequate flavin
cofactor production. Following induction, the shaking was
reduced to 180 rpm, and the temperature was reduced to 25 °C.
Expression continued for 16 h, at which point cells were har-
vested by centrifugation at 6,800 � g for 10 min. Cell pellets
were resuspended in Ni-NTA binding buffer (20 mM Tris-HCl,
0.3 M NaCl, 5 mM imidazole, 60 �g/ml phenylmethylsulfonyl
fluoride, pH 7.9) and either stored at �80 °C or subjected to a
freeze/thaw cycle for same-day purification. Cells were lysed via
sonication on ice for 30 s bursts for a total of 3 min. Lysate was
then centrifuged for 30 min at 104,000 � g at 4 °C. The super-
natant was loaded onto a column containing 30 ml of charged
Ni-NTA Superflow resin (Qiagen, Venlo, Netherlands) pre-
equilibrated with Ni-NTA-binding buffer. The column was
subsequently washed with 60 ml of additional binding buffer
and 180 ml of wash buffer (20 mM Tris-HCl, 0.3 M NaCl, 50 mM

imidazole, pH 7.9), followed by elution with 20 mM Tris-HCl,
0.3 M NaCl, 5 �M FMN, 200 mM imidazole, pH 7.9. Eluted pro-
tein was pooled, concentrated to 1 ml using an Amicon centrif-
ugal filter unit (EMD Millipore, Darmstadt, Germany), and
loaded on a Superdex 200 resin (GE Healthcare). This column
had been pre-equilibrated with 20 mM Tris-HCl, 0.3 M NaCl, 5
�M FMN, 0.2 mM dithiothreitol, 0.02 mM EDTA, pH 7.9, and
subsequently run with the same buffer for 1.5 column volumes
at 1 ml/min. Purified FMN domain eluted �89 ml, consistent
with the expected molecular mass for the monomeric protein
(21.5 kDa). Purity was evaluated by SDS-PAGE. Protein con-
centration was measured using the bicinchoninic acid assay
(Pierce). Production of FMN domain uniformly labeled with
15N was carried out as described above, except that minimal
media containing 15NH4Cl was used during expression.

The expression construct for the soluble heme-containing
domain of cytochrome b5 (residues 1–108) was generated by
substituting the nucleotide sequence coding for the 26 amino
acids of its C-terminal transmembrane helix with that encoding
a His6 tag (13.1 kDa). Expression and purification were as
described previously (23), but with the addition of heme in early
stages to facilitate holoprotein generation (30).

CYP17A1 was expressed omitting the 19 amino acids com-
posing its N-terminal transmembrane helix and purified as
described for unlabeled (23, 31) and 15N-labeled (24) samples.
Generation of the CYP17A1 point mutants R347Q, R358H, and
R449L was carried out as described previously (23), but with
substitution of the substrate pregnenolone for the inhibitor abi-
raterone during expression and purification.

Generation of [13C,2H,15N]CYP17A1 for three-dimensional
data collection was carried out as follows. The CYP17A1 plas-
mid was transfected into E. coli strain NCM533 (KanR) (gift of
Tom Pochapsky) along with the GroEL and GroES chaperone
plasmid pG-KJE8 (Takara Bio, Kyoto, Japan). Culture volumes
were scaled up along with acclimatization of increasing D2O
concentrations until a volume of 250 ml of 70% D2O was
reached, centrifuged, and resuspended into 500 ml of 99% D2O
containing �15N� NH4Cl. Subsequently, cultures were scaled up
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to 1 liter of 99% D2O. Minimal media components were similar
to those described previously for CYP17A1 (24) but supple-
mented with 0.5 g/liter [13C,2H,15N]ISOGRO complex growth
media (Sigma) and [13C,2H]glucose (Sigma). Cells were grown
to log phase, induced, and allowed to express for 72 h at 37 °C
and 180 rpm. Upon harvesting, purification of CYP17A1 pro-
ceeded as described previously (24).

Titrations of CYP17A1 and the FMN Domain—Isotopically
labeled and unlabeled FMN domain, CYP17A1, or b5 proteins
were individually exchanged into NMR buffer consisting of 50
mM potassium phosphate, 50 mM NaCl, and 10% D2O, pH 6.5.
When FMN domain is present, 0.2 mM dithiothreitol, 0.02 mM

EDTA, and 0.4 mM FMN were also added to the NMR buffer.
When substrate or inhibitor-saturated CYP17A1 was used, 50
�M excess ligand was added just prior to the NMR experiment.
Each sample was made immediately prior to data collection by
combining [15N]FMN domain at a constant concentration 0.1
mM, and various concentrations of CYP17A1 and/or b5 on ice.
Protein mixtures were then transferred into a thin walled 5-mm
NMR sample tube (Wilmad LabGlass, Vineland, NJ) at a final
volume of 400 �l. Samples for titration of [15N]CYP17A1 with
unlabeled FMN domain were prepared similarly, but with 0.2
mM labeled CYP17A1 and 10 �M abiraterone (inhibitor).

CYP17A1 Assignments and NMR Spectroscopy—All two-di-
mensional NMR spectra were acquired on a Bruker Avance 800
MHz spectrometer with a cryogenically cooled triple resonance
(1H, 15N, and 13C) probe at the University of Kansas Biomolecu-
lar NMR Core Laboratory. All three-dimensional data were
acquired on a Bruker Avance 800 MHz spectrometer at the
NMR Facility at Brandeis University. Acquisition temperatures
were 25 °C for 1H-15N HSQC spectra of the FMN domain and
b5 and three-dimensional data on CYP17A1 with abiraterone
and 35 °C for two-dimensional 1H-15N TROSY HSQC spectra
of CYP17A1 during titrations. The two-dimensional spectra of
the FMN domain and b5 were acquired using 80 scans and 100
increments, and 72 scans with 128 increments for CYP17A1.
Spectra were processed with NMRPipe (32) and analyzed using
NMRView (33) for two-dimensional spectra or Topspin
(Bruker, Billerica, MA) and CCPNMR (34) for three-dimen-
sional data. Backbone assignments for b5 and the FMN domain
of CPR have been reported previously (7, 29, 35) as Biological
Magnetic Resonance Data Bank entries 6921 and 19,301,
respectively. Approximately 75% of the reported FMN domain
assignments were clearly transferable onto the 1H-15N HSQC
spectra collected for this study. Partial assignment of the
CYP17A1 backbone was carried out using a combination of
1H-15N TROSY HSQC (36) spectra with selective labeling of
particular residues (Leu, Val, Ile, Ala, and Phe) and data from
the three-dimensional experiments TRHNCA (37, 38), TRHN-
CACB (38), TRHNCACO (38), and N-NOESY of CYP17A1 in
complex with abiraterone.

Results

Summary of P450/Ligand/CPR/b5 System under Study—In
humans, microsomal NADPH-cytochrome P450 reductase
and cytochrome b5 proteins interact with cytochrome P450
enzymes, although all three integral membrane proteins are
anchored on the surface of the endoplasmic reticulum. Trun-

cation of CPR and b5 to remove their terminal transmembrane
helices yields soluble proteins (35, 39). Human P450 enzymes
truncated in this manner retain a monofacial membrane inter-
action but can be extracted with detergent. Combination of
truncated CYP17A1 and truncated CPR proteins in solution
forms a catalytic system capable of substrate metabolism with
wild type regio- and stereoselectivity (25, 39). At the same time
this increases protein expression, facilitating the protein quan-
tities required for structural work, and reduces nonspecific
hydrophobic interactions between the transmembrane helices
in solution, facilitating analysis of interactions between the cat-
alytic domains. To permit examination of the complex struc-
tural interactions among these three proteins by solution NMR,
further simplification was employed in this study by using only
the FMN domain of CPR responsible for electron delivery to
P450. This approach is supported by NMR and x-ray experi-
ments previously demonstrating that the structure of the iso-
lated FMN domain is very similar to its structure when part of
the larger multidomain CPR and regardless of which conforma-
tional state the CPR adopts (3–5, 26). Functionally, the isolated
FMN domain is also capable of accepting electrons from the
isolated FAD domain of CPR (27, 40) and delivering those elec-
trons to P450 to support catalysis, as demonstrated by metab-
olism of 7-ethoxyresorufin by CYP1A1 in a reconstituted sys-
tem consisting of the three proteins (27).

To validate that the isolated FMN domain is capable of facil-
itating catalysis in CYP17A1, hydroxylase assays were per-
formed with CYP17A1, CPR, and substrate, in the absence and
presence of increasing concentrations of the isolated FMN
domain. Consistent with the previously reported CYP1A1 data,
addition of the isolated FMN domain caused linear increases
in pregnenolone and progesterone hydroxylation (data not
shown).

In the following discussion of multiple protein and ligand
complexes, the name of the P450 followed by the name of a
ligand in parentheses (e.g. CYP17A1(pregnenolone)) is used to
indicate the P450 saturated with the indicated ligand, and
the names of two proteins separated by a bullet (e.g.
CYP17A1�FMN) indicates a complex between them. Combina-
tions such as CYP17A1(pregnenolone)�FMN indicate a com-
plex formed between CYP17A1 saturated with the substrate
pregnenolone and the CPR FMN domain. When molar ratios of
these proteins are discussed (e.g. 1:1), the first number indicates
the relative concentration of CYP17A1, and the second number
refers to the relative concentration of either FMN or b5 (when
only two proteins are present) and CYP17A1:FMN:b5 when all
three proteins are present. The isotopically labeled protein dif-
fers between the experiments discussed herein and so will be
explicitly noted [15N] throughout.

Finally, because the different labeled proteins have different
intrinsic dynamics, the temperatures at which different exper-
iments were undertaken were empirically determined as those
that best revealed changes upon titration. When the much
smaller b5 and FMN domain proteins were isotopically labeled
and used as reporters of the interactions, data were collected at
25 °C. When the much larger CYP17A1 protein was isotopically
labeled, this temperature was 35 °C. Unless noted, no signifi-
cant differences were observed at different temperatures.
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Formation of the CYP17A1�[15N]FMN Complex Reveals More
Extensive and More Uniform Line Broadening Than the Corre-
sponding CYP17A1�[15N]b5 Complex—Interactions between
the CPR FMN domain and CYP17A1 were first probed by gen-
erating the [15N]FMN domain protein, adding unlabeled
CYP17A1 at various stoichiometries and observing changes in
the resulting [15N]FMN domain HSQC spectra at 25 °C. As
expected, the initial two-dimensional 1H15N HSQC spec-
trum of the 21.5-kDa FMN domain alone (Fig. 1A, 0:1 in dark
gray) is relatively well dispersed. Chemical shift assignments
had been previously reported for a very similar construct (7,
29) (BMRB entry 9301). Using the previous data, �75% of the
resonances could be unambiguously assigned in the current

[15N]FMN domain spectra. Upon addition of increasing con-
centrations of unlabeled CYP17A1, chemical shift perturba-
tions of the FMN domain are negligible (Fig. 1A). Instead the
spectrum of the [15N]FMN domain undergoes considerable
and progressive line broadening (CYP17A1(pregnenolone)�
[15N]FMN shown in Fig. 1A in red for 0.5:1 and in blue for 1:1
spectra, with signal intensities quantitated in Fig. 1B). Such
line broadening is consistent with an interaction between
CYP17A1 and [15N]FMN occurring in the intermediate
exchange time regime. Line broadening is decreased in the
presence of a higher ionic strength buffer (75 mM NaCl ver-
sus 50 mM NaCl, data not shown), consistent with previous
observations that the interaction between the FMN domain

A.

B.

CYP17A1(pregnenolone) ● 15N-FMN domain
0    : 1
0.5 : 1
1    : 1

T88

Q87

T90

G89
G85

1H (ppm)

15
N

 (p
pm

)

10.010.5 9.5 9.0 8.5 7.07.58.0 6.5

130.0

105.0

110.0

115.0

120.0

125.0
A91

C.

100

80

20

40

60

%
 s

ig
na

l r
em

ai
ni

ng
 

loop 1 loop 2 loop 3 loop 4
64 84 104 124 144 224204184164

CYP17A1(pregnenolone) ● 15N-FMN domain 0.5 : 1 1 : 1

87 QTGT 90

9085

loop 160

20

40

%
 s

ig
na

l r
em

ai
ni

ng
 

residue

FIGURE 1. Interaction of [15N]FMN domain with CYP17A1. A, stepwise addition of unlabeled CYP17A1(pregnenolone) induces differential line broadening
effects on the 1H-15N HSQC spectrum of the FMN domain. B, plot of remaining signal intensities for a half-molar and a full molar equivalent of
CYP17A1(pregnenolone) addition shows a modestly differential effect in residues 87–90 of loop 1. Gaps in this and following histograms indicate that a residue
is not assigned, and thus data are not available at that position. C, close-up view of the differential effects observed in loop 1.
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and P450 enzymes are largely mediated by electrostatics
(5, 41).

Comparisons reveal substantial differences between the
line broadening observed herein for formation of the
CYP17A1�[15N]FMN complex and parallel titrations to form
CYP17A1�[15N]b5 complexes (23). First, addition of CYP17A1
to [15N]FMN domain results in much more extensive line
broadening than CYP17A1 addition to [15N]b5. Addition of
CYP17A1 to the [15N]FMN domain at 1:1 results in retention of
only �10 –20% of the original signal for most [15N]FMN reso-
nances (Fig. 1B, blue 1:1 bars). In contrast, addition of
CYP17A1 to [15N]b5 at a 1:1 molar ratio resulted in the reten-
tion of �40% of the original signals for [15N]b5 (Fig. 2A). A
second difference is that line broadening upon formation of
the CYP17A1�[15N]FMN complex is much more uniform
across the protein (Fig. 1B), whereas formation of the
CYP17A1�[15N]b5 complex produces line broadening that is
much more substantial for b5 residues in the vicinity of Glu-48
and Glu-49 (Fig. 2A), which includes an anionic surface of b5
(Fig. 2B). Although both interactions fall broadly in the inter-

mediate time regime, these differences are consistent with an
interaction between CYP17A1 and [15N]b5 that is further
toward the fast end of the intermediate exchange regime than
the interaction between CYP17A1 and [15N]FMN. This is con-
sistent with a stronger association between CYP17A1 and the
CPR FMN domain than between CYP17A1 and b5 and is con-
sistent with a stronger interaction in general as reported
between CPR and several xenobiotic metabolizing P450
enzymes (42).

Effect of Substrate on Formation of the CYP17A1�[15N]FMN
Domain Complex—The above experiments were accomplished
with CYP17A1 saturated with its hydroxylase substrate preg-
nenolone. However, CYP17A1 can also convert the resulting
17�-hydroxypregnenolone product into dehydroepiandros-
terone via an unusual lyase reaction. The two different sub-
strates were previously found to modulate the CYP17A1 con-
formation (18) and CYP17A1�[15N]b5 interaction differently
(23). Therefore, the interactions between CYP17A1 and
[15N]FMN were also evaluated in the presence of each sub-
strate. Binding of CYP17A1 saturated with either substrate gen-
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FIGURE 2. Comparison of line broadening effects for [15N]b5 or [15N]FMN titrated with CYP17A1. A, [15N]b5 titrated with CYP17A1 saturated with either
pregnenolone or 17�-hydroxypregnenolone demonstrates differential line broadening in a region that maps onto helix 2 in b5, as shown in B. In contrast, the
[15N]FMN domain titration with CYP17A1 saturated with either ligand reveals more uniform line broadening but with moderately more substantial effects for
certain residues at either 0.5:1 (C) or 1:1 (Fig. 1, B and C). D, mapping the most affected regions in CYP17A1(pregnenolone) at either 0.5:1 (left panel) or 1:1 (right
panel) shows the most effects in or near loop 1 of the FMN binding pocket (Protein Data Bank code 1B1C) (26). Because the line broadening is progressive,
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and was originally published by Scott and co-workers (23).
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erally resulted in similar effects on the spectrum of the
[15N]FMN domain, but 17�-hydroxypregnenolone consistent-
ly promotes more extensive line broadening than when
CYP17A1 is saturated with pregnenolone (0.5:1 titration point
shown in Fig. 2C, red pregnenolone bars versus gray 17�-hy-
droxypregnenolone bars). This substrate dependence is sugges-
tive of a stronger association between CYP17A1 and the FMN
domain with the 17,20-lyase substrate present than with
the hydroxylase substrate present. Intriguingly, the corre-
sponding experiments examining substrate dependence of the
CYP17A1�[15N]b5 complex revealed the opposite relationship,
the CYP17A1(pregnenolone)�[15N]b5 complex was stronger
(demonstrated more extensive line broadening) than the
CYP17A1(17�-hydroxypregnenolone)�[15N]b5 complex (Fig.
2A) (23). These inverse outcomes suggest that substrates mod-
ulate both the CYP17A1�b5 and CYP17A1�FMN domain com-
plexes and in such a way that the effect may be cumulative.

Mapping Differential Line Broadening of the FMN Domain—
Although the amount of line broadening was different for
[15N]FMN domain binding to CYP17A1 saturated with differ-
ent substrates consistent with different affinities, the patterns
of broadening were very similar, consistent with a conserved
CYP17A1�[15N]FMN domain interface. The sequential
[15N]FMN residues whose intensities were moderately but
reproducibly reduced the most are 87QTGT90. For example, in
the 1:1 CYP17A1(pregnenolone)�[15N]FMN complex, these
four residues retain less than 5% of their original intensity (Fig.
1, B and C). Similarly, at 0.5:1 residues 87–90 have some of the
most substantial reductions in intensity (Fig. 2C). Other simi-
larly affected but sequentially distributed residues include
Gly-109, Leu-212, Leu-173, Lys-177, and Thr-178. When
[15N]FMN resonances with the most significant line broaden-
ing are mapped onto the structure of the FMN domain, the
overall pattern is broadly similar at either the 0.5:1 or 1:1 molar
ratios (Fig. 2D, left panel versus right panel). Although the pro-
gressive overall line broadening means the same absolute scale
cannot be used for both ratios, it is clear that the most affected
residues are primarily located on the surface of the FMN
domain where the flavin mononucleotide cofactor is bound and
where the interaction with CYP17A1 is expected to occur (Fig.
2D). Residues 87QTGT90 form loop 1, one of four loops flanking
the cofactor. Although residues Gln-87, Thr-88, and Thr-90 are
completely conserved across species (43), they are not directly
implicated in cofactor binding like those in loops 2 and 3.
Instead loop 1 and the adjacent helix B demonstrate some small
structural differences when the FMN domain is interacting
with the CPR FAD domain compared to when the FMN domain
is not associated with the FAD domain and presumably avail-
able for interaction with CYP17A1 (3, 5, 7). Of the other
affected residues, Leu-212 and Leu-173 are located at the base
of loops 3 and 4, respectively, with side chains that are oriented
toward the interior of the FMN-binding site, at least in the
crystal structure. The loop 3 residues Lys-177 and Thr-178
(also affected) appear solvent-exposed. Thus, the current NMR
data suggest that residues near the flavin mononucleotide
cofactor, including loop 1 region, are modulated by CYP17A1
binding and form part of the CYP17A1�[15N]FMN domain
interface regardless of the substrate in the CYP17A1 active site.

At the higher 35 °C temperature, the specific effect on the
broadening residues in the vicinity of loop 1 was slightly
reduced (data not shown), which could be due to decreased
affinity or changes in dynamics for the FMN domain.

Formation of the [15N]CYP17A1�FMN Complex—Thus far,
the focus of these experiments has been on probing and com-
paring CYP17A1�FMN and CYP17A1�b5 interactions by
observing changes in the spectra of [15N]FMN and [15N]b5,
respectively. To evaluate the effects of complex formation by
monitoring the P450 protein directly, [15N]CYP17A1 saturated
with the inhibitor abiraterone was titrated with unlabeled FMN
domain. Analysis of these spectra is made possible by two ele-
ments. First, we took advantage of our ongoing efforts to assign
strategic NMR resonances for the 55-kDa CYP17A1. Select
NMR assignments for CYP17A1 were initially generated by
mutagenesis and selective labeling approaches (24). More
recently, additional backbone assignments have been made
using acquisition and analysis of triple resonance TRHNCA,
TRHNCACB, TRHNCACO, and N-NOESY spectra. This
ongoing assignment process has yielded assignments for resi-
dues that are well distributed in the CYP17A1 structure. Sec-
ond, the use of abiraterone as the CYP17A1 ligand reduces the
paramagnetic effect because this inhibitor forms a strong coor-
dinate covalent bond with the heme iron, locking CYP17A1
into a low spin state. Using the combination, we have generated
a set of assigned resonances, some of which are well resolved
even in two-dimensional [1H,15N]CYP17A1 NMR spectra and
can be used to monitor changes in [15N]CYP17A1 (Fig. 3, A,
listed below the bars, and B, regions shown in blue).

Stepwise titration of [15N]CYP17A1 with the unlabeled FMN
domain was optimized at 35 °C and primarily induced consid-
erable and progressive line broadening of the [15N]CYP17A1
(intensities for well resolved, assigned resonances shown in Fig.
3A). This is broadly consistent with the observation of the
CYP17A1�FMN complex via the NMR spectra of the [15N]FMN
domain. However, although the line broadening observed for
[15N]FMN was largely uniform outside of the FMN domain
loop 1 and other residues near the flavin mononucleotide
binding region, the distribution of line broadening for
[15N]CYP17A1 was much less uniform and more extensive in
specific regions (Fig. 3A, indicated with arrows for residues
retaining less than 5% of their original intensity by the 1:0.5
titration point). Mapping of these residues onto the
CYP17A1(abiraterone) structure reveals a clustered distribu-
tion lining the roof and borders of the active site (Fig. 3C). The
assigned [15N]CYP17A1 resonance most dramatically affected
by titration with unlabeled FMN domain is Leu-102. Addition
of only 0.25 molar eq of FMN reduced this resonance intensity
to less than 10%, and by 1:0.35, no signal remains (Fig. 3A). Line
broadening for adjacent residues Asp-103 and Ile-104 are also
significant, with �5% remaining by 1:0.5 (Fig. 3A). Thus, all
three of the resonances representing the B�-helix are obliter-
ated or almost entirely broadened by 1:0.5. The CPR FMN
domain is well established to bind by interacting with positively
charged residues on the proximal face of other P450 enzymes
(13), a binding site that in CYP17A1 is thought to partially over-
lap with the b5-binding site (Fig. 3B) (23). Thus, binding of the
FMN domain on the proximal side of the heme significantly
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influences the exchange dynamics of the B�-helix located �45
Å away (Fig. 3B). Although the resonance for the adjacent B�
residue Ala-105 is not resolvable in the current experiments,
mutation of Ala-105 to Leu is known to alter the regioselectivity
of the hydroxylation reaction (44), influencing substrate orien-
tation and enhancing substrate affinity, likely via alterations in
the dynamics of this short helix (25). The B�-helix is generally
considered one of the more flexible elements of P450 structure
in general, with relatively few interactions between this short

helix and the rest of the structure. The B�-helix can adopt dif-
ferent conformations with different ligands and is often
thought to be involved in substrate access into the otherwise
buried active site.

The next two resonances most substantially affected by FMN
domain binding are those for Ile-205 and Phe-300. Both are
completely broadened by 1:0.5 and have only �10% signal
remaining at 1:0.35 (Fig. 3A). In these cases, the changes in
dynamics appear to be relatively specific as residues on either
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side of Phe-300 and N-terminal to Ile-205 are much less
affected. Both Ile-205 and Phe-300 occur in significant places in
CYP17A1. The F-helix residue Ile-205 is directly adjacent to
steroidal ligands with its side chain oriented inward toward the
active site cavity (Fig. 3C) (25, 31). Importantly, Ile-205 is one
helical turn from Asn-202. The side chains of Ile-205 and Asn-
202 flank the A-ring of steroid substrates and the Asn-202 side
chain hydrogen bonds with the three substituents of steroidal
inhibitors or substrates (25, 31). Thus FMN domain binding
alters the dynamics of another residue implicated in ligand
binding. Residue Phe-300 is in the center of the I-helix that
spans the P450 structure and crosses just above the heme, form-
ing one “wall” of the active site, against which the steroid core
packs (Fig. 3C). Phe-300 is on the opposite side of the I-helix
facing away from ligands but is part of a turn of the I-helix with
disruption of the normal backbone i3 i 	 4 hydrogen bonding
pattern. This is often the origin of either a break in the I-helix,
which can allow the N-terminal half of the I-helix to bend away
from its original axis, or a “bulge” of this region of the I-helix
over the heme (45, 46).

An additional [15N]CYP17A1 resonance that is substantially
broadened upon FMN addition is that of residue Arg-239, with
less than 5% signal remaining at 1:0.5 (Fig. 3A). Like Phe-300
and Ile-205, the effect seems to be relatively selective with much
less line broadening for residues just N-terminal of Arg-239
(Fig. 3A). Once again, this residue is intimately associated with
ligand binding, projecting from the G-helix into the active site
and toward the steroid between the A- and B-rings (Fig. 3C).

Current limitations in the availability of NMR assignments
for [15N]CYP17A1 mean this represents only a partial mapping
of line broadening effects upon binding of FMN. However,
these observations suggest a link between FMN binding on the
proximal surface of CYP17A1 and changes in the chemical
exchange rate for regions of the protein implicated in substrate
access and ligand binding. Notably, these changes are more
significant than most of those in the J-J� loop, which is actually
closer to the actual FMN-binding site.

Several key differences are apparent upon comparison
of changes in [15N]CYP17A1 resonances when binding the
FMN domain or when binding b5. First, the interaction of
[15N]CYP17A1 with b5 resulted in significant changes in reso-
nance peak shape and redistributions between major and minor
conformations for individual backbone signals in the F-, G-, and
I-helices (24) (assignments were not available in B� at the time).
This type of change was distinctly not observed for the same
[15N]CYP17A1 resonances upon interaction with the FMN
domain, as only peak broadening was observed. This compari-
son strongly supports the previously established biological role
of b5 as an allosteric modulator of CYP17A1 lyase activity (14,
15) by driving conformational selection of CYP17A1 (24). Bind-
ing of the FMN domain, and by extension possibly the entire
CPR, does not alter CYP17A1 structure in this way.

Because the region between the F- and G-helices conforma-
tionally modulated by b5 but not FMN is thought to modulate
ligand entry, an orthogonal method was used to further probe
this idea. Spectral titration of CYP17A1 with pregnenolone or
17�-hydroxypregnenolone was accomplished in the absence of
partner proteins, in the presence of the isolated FMN domain

or in the presence of b5. Although an equimolar concentration
of the FMN domain did not significantly alter the Kd values for
either substrate, the presence of an equimolar concentration of
b5 reduced the Kd to �55% of its original value for both sub-
strates (data not shown). This supports the concept that b5
alters the CYP17A1 conformation in such a way as to increase
the affinity for both substrates.

A second difference between FMN and b5 interactions with
CYP17A1 is the degree of peak broadening observed for these
two interactions. The intensities of [15N]CYP17A1 resonances
are generally reduced more upon binding the FMN domain
than b5 (example of [15N]CYP17A1�b5 or [15N]CYP17A1�FMN
domain at 1:0.35, Fig. 3D). This is consistent with a stronger
CYP17A1�FMN interaction than the CYP17A1�b5 interaction
and is in agreement with the smaller dissociation constants
reported for P450�CPR interactions (42). Similarly, FMN
domain binding has a more significant effect than b5 binding on
line broadening of CYP17A1 residues, especially in the B�-helix
(Ile-104 and Asp-103), the F-helix (especially Ile-205), the
G-helix (especially Arg-239), one residue in the GH loop (Phe-
254), and one residue in the K-helix (Leu-352). Conversely,
Leu-350 in the K-helix is the only residue where b5 has a more
significant effect than the FMN domain (see below). Notably,
these differential effects do not represent global structural
changes, as intensities in the J-J� loop are very similar for each
interaction. Therefore, it is possible that different exchange
dynamics related to either b5 or the FMN domain binding to the
proximal surface could uniquely impact ligand binding, orien-
tation, or dissociation.

Distinctions between the CYP17A1�FMN and CYP17A1�b5
Interactions—Although it is widely accepted that both b5 and
CPR bind via charge pairing interactions with the cationic
proximal surface of P450 enzymes (12, 13, 23, 47), less is under-
stood regarding the competitive or overlapping nature of these
interactions. Partially overlapping b5 and FMN-binding sites
have been proposed on the proximal face of CYP2B4, leading to
competitive binding (20). A recent NMR study demonstrated
that [15N]b5 was released from the CYP17A1�[15N]b5 complex
when CPR was added, consistent with a competitive interaction
(23), but the degree of the binding site overlap is unknown.

The proximal CYP17A1 residues Arg-347, Arg-358, and
Arg-449 (Fig. 4A) are thought to be involved in b5 binding
because of the following: 1) mutation of these residues to elim-
inate their charge obliterates the lyase reaction (requiring CPR
and b5) without disrupting the hydroxylase reaction (requiring
only CPR) (48), and 2) these residues are required for formation
of the CYP17A1�[15N]b5 complex (23). Unfortunately, assign-
ments for these three Arg residues are not yet available, but
distinct features in the current data drew our attention to
the assigned backbone amide resonances for Leu-350 and Ile-
344 located on either side of Arg-347 (Fig. 4A). These
[15N]CYP17A1 resonances are well resolved in a dispersed
region of the NMR spectrum (Fig. 4B, dark gray spectra).

When [15N]CYP17A1 is titrated with 0.35 molar eq of the
FMN domain, the Leu-350 amide signal splits into several res-
onances and is broadened (Fig. 4B, top left). In contrast, addi-
tion of the same amount of b5 results in Leu-350 peak broaden-
ing beyond detection (Fig. 4B, top right). As noted previously,
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Leu-350 is the only assigned CYP17A1 residue more substan-
tially affected by binding of b5 than by binding of the FMN
domain (Fig. 3D). Previous results revealed that [15N]b5 resi-

dues responsible for interacting with CYP17A1 experienced the
greatest amount of line broadening (23). Similarly, extensive
broadening of Leu-350 in the current [15N]CYP17A1�b5 exper-
iment is consistent with CYP17A1 residue Leu-350 forming
part of the [15N]CYP17A1�b5 interface. The fact that the
[15N]CYP17A1�FMN spectrum retains signal for Leu-350,
albeit diminished, suggests that Leu-350 has dynamics that are
distinct for these two different protein/protein interactions.

On the other side of Arg-347, the Ile-344 amide signal also
shows distinct effects for both binding partners. Although
binding of either FMN domain or b5 to [15N]CYP17A1 results
in line broadening, FMN domain does not cause a significant
change in chemical shift (Fig. 4B, bottom left), whereas b5 addi-
tion shifts the resonance downfield (Fig. 4B, bottom right).

To further understand individual residue contributions to
the two different CYP17A1/protein complexes, we employed
mutagenesis in concert with NMR. The single-point CYP17A1
mutants R358Q or R449L prevent [15N]b5 binding to CYP17A1
(23). As discussed above, formation of the wild type
CYP17A1(pregnenolone)�[15N]FMN complex resulted in line
broadening for FMN domain loop 1 residues, including Thr-88
and Thr-90 (one-dimensional spectra in Fig. 4C, black versus
red). Substitution of the CYP17A1/R358Q or CYP17A1/R449L
mutants for wild type CYP17A1 revealed similar line broaden-
ing (Fig. 4C, green and blue), indicating that the mutated
CYP17A1 proteins still form a complex with the [15N]FMN
domain. Thus, the CYP17A1 mutations R358Q and R449L dis-
rupt b5 binding without adversely affecting binding of the FMN
domain. This is consistent with these two mutations preventing
the lyase reaction without impacting the hydroxylase reaction
(48). Whether Arg-358 and Arg-449 on the CYP17A1 proximal
surface are located outside of the FMN domain interface or
whether a single substitution is simply insufficient to disrupt
the stronger CYP17A1�[15N]FMN interaction is unclear.
Regardless, these observations highlight significant differences
between the CYP17A1�b5 complex and the CYP17A1�FMN
domain complex that correlate with catalytically relevant func-
tional differences.

Detection of a Weak Interaction between b5 and the FMN
Domain—Based on the hypothesis that formation of either
complex is mutually competitive and previous data demon-
strating that addition of CPR disrupted the CYP17A1�[15N]b5
complex (23), it was anticipated that the reverse would also
be true; the addition of excess b5 would disrupt the
CYP17A1�FMN domain complex. To investigate this idea,
CYP17A1 and [15N]FMN were mixed in a 0.5:1 molar ratio so
that [15N]FMN was in excess. The CYP17A1 (pregnenolone)�
[15N]FMN complex was formed with typical line broadening of
[15N]FMN resonances (Fig. 5, black versus red). Then increas-
ing amounts of unlabeled b5 were added (Fig. 5, blue and green).
If b5 displaced [15N]FMN domain from CYP17A1, the peak
broadening of [15N]FMN should be reversed, and the spectra
should increasingly resemble that of the top panel in Fig. 5
(black). Instead, [15N]FMN peaks continue to broaden until
most of the signals in the dispersed regions of the spectrum of
the FMN domain are undetectable by 0.5:1:3. This result can be
interpreted in three different ways as follows: 1) formation of a
trimeric complex; 2) enhancement of the CYP17A1�FMN
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domain complex in the presence of b5; or 3) a direct interaction
between b5 and the FMN domain.

CPR is known to reduce b5 (49, 50), and a weak interaction
between b5 and CPR has previously been detected (42). To
understand the significance of interactions between FMN
domain and b5, titrations were completed with the 15N isotopic
label on either the FMN domain or b5. In other words,
[15N]FMN was titrated with b5 (Fig. 6A), and [15N]b5 was
titrated with FMN domain (Fig. 6B).

When [15N]FMN was titrated with b5, line broadening was
observed, with peak broadening first noticeable with addition
of 2-fold b5 and becoming substantial upon addition of 4-fold
molar excess of b5 (Fig. 6A). These data are consistent with the
generation of a [15N]FMN �b5 complex, but the requirement for
a 2– 4-fold molar excess of b5 in order to observe line broaden-
ing is substantially higher than the submolar ratios of b5 or
FMN domain that cause line broadening of [15N]CYP17A1 or
the line broadening of [15N]FMN domain or [15N]b5 by
CYP17A1. This suggests that the interaction between the FMN
domain and b5 is very weak relative to that between CYP17A1
and either protein.

The reverse titration of [15N]b5 with increasing concentra-
tions of FMN domain did not induce similar peak broadening of
the b5 signal (Fig. 6B). The absence of peak broadening from the

[15N]b5 perspective suggests that the exchange dynamics for
the interaction are vastly different for each respective protein.

It is unclear whether such a weak interaction between b5 and
the FMN domain of CPR plays a role in the biological context of
CYP17A1 enzyme function, but this interaction presented an
unexpected variable in determining whether the FMN domain
competes with b5 for a binding surface on CYP17A1. The con-
tinued peak broadening observed for [15N]FMN domain in the
three-component system (Fig. 5) is likely due to this peripheral
interaction of [15N]FMN with b5 at high concentrations of b5.

Detection of a Competitive Interaction between b5 and the
FMN Domain for CYP17A1—To probe the nature of CYP17A1
interaction with both FMN and b5 simultaneously without
interference from weak binding between b5 and the FMN
domain, an alternative titration was designed taking advantage
of the following: 1) the “silence” of [15N]b5 with respect to the
weak FMN�b5 interaction, and 2) the ability to monitor [15N]b5
resonances for Glu-48 and Glu-49, which are sensitive to
CYP17A1�b5 complex formation. Thus, a fixed, limiting
amount of CYP17A1(substrate) (Fig. 7, A and B, gray lines) was
mixed with a fixed excess amount of [15N]b5 so that all of the
CYP17A1 would be sequestered in the resulting CYP17A1�
[15N]b5 complex with substantial reduction in peak intensity
due to line broadening (Fig. 7, A and B, black lines), as observed
previously (23). Subsequent spectra containing increasing
amounts of unlabeled FMN domain induce a marked and pro-
gressive recovery of the Glu-48 and Glu-49 resonances for the
CYP17A1(17�-hydroxypregnenolone)�[15N]b5 complex (Fig.

10.6 10.2 9.8

126.0

128.0

126.0

128.0

126.0

128.0

A91 D208

T90

N182

1H (ppm)

15
N

 (p
pm

)

0 : 1 : 0

0.5 : 1 : 0

0.5 : 1 : 2

CYP17A1(pregnenolone) ● 15N-FMN domain ● b
5

126.0

128.0

0.5 : 1 : 3

FIGURE 5. Attempted disruption of the CYP17A1, FMN domain complex.
Stepwise addition of unlabeled b5 (blue and green spectra for a 2- and 3-fold
addition, respectively) enhances rather than lessens the peak broadening
effects of the CYP17A1, FMN domain complex (red spectrum).

15N-b5  ● FMN domain

1 : 0
1 : 1
1 : 4

10.0 9.0 8.0 7.0

125

120

110

115

11.0

105

15N-FMN domain ● b5

1 : 0
1 : 1
1 : 4

8.09.010.0 7.011.0

110

115

130

125

120

105

1H (ppm)

15
N

 (p
pm

)
15

N
 (p

pm
)

1H (ppm)

A.

B.

FIGURE 6. 1H-15N HSQC spectrum of the interaction of the FMN domain
and b5. A, titration of [15N]FMN with b5 reveals line-broadening effects in the
FMN domain, suggesting a weak interaction that requires a minimum of
2-fold unlabeled b5. B, however, titration of [15N]b5 with FMN shows no peak
broadening effects in b5, suggesting the exchange dynamics of the interac-
tion are very different for each protein.

Cytochrome P450 17A1/Reductase Interactions

FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3999



7A) and a smaller progressive recovery from the CYP17A1
(pregnenolone)�[15N]b5 (Fig. 7B) complex. Both the recovery of
these specific [15N]b5 signals and the larger effect when the
17�-hydroxypregnenolone lyase substrate is bound are consis-
tent with parallel experiments with intact CPR (23). In both
cases the results suggest a competitive relationship in which
binding of the CPR FMN domain to CYP17A1 results in dis-
placement of b5 and reinforce a role for specific substrates in
modulating CYP17A1�b5 and CYP17A1�CPR complexes.

Discussion

The precise mechanisms underlying the respective 17�-hy-
droxylase and 17,20-lyase activities of CYP17A1 have been
enigmatic, but are of considerable interest to ongoing drug
design efforts. This is because selective inhibition of 17,20-lyase
activity is desirable to block androgen biosynthesis in the treat-
ment of metastatic prostate cancer, but concomitant inhibition
of the 17�-hydroxylase activity causes substantial clinical side
effects (51). The only Food and Drug Administration-approved
CYP17A1 inhibitor, abiraterone, inhibits both lyase and
hydroxylase reactions and requires co-treatment with predni-
sone to mitigate mineralocorticoid excess from concurrent

inhibition of the hydroxylase reaction (52). Because b5 is not
needed for the hydroxylation reaction but facilitates the lyase
reaction, disruption of b5 interaction is a logical goal, so long as
CPR interactions are not compromised.

Integration of this new information probing CYP17A1 struc-
ture and protein/protein interactions with existing knowledge
on the enzymatic function suggests a model for this complex
system (Fig. 8). The first element to this model is an equilibrium
between conformational states of CYP17A1 depending on
ligand and b5 interaction, represented by the hypothetical con-
formations “A” and “B” in Fig. 8. This concept is consistent with
multiple lines of evidence. First, it is clear from x-ray structures
with different substrates and inhibitors that there are at least
two conformations of the region between the F- and G-helices
(25, 31), regions that have been repeatedly associated with sub-
strate access in multiple P450 enzymes (53, 54). In the x-ray
structures, there are equal ratios of the two conformations, but
this may be dictated by crystalline packing requirements and
may not reflect the native distribution of conformational states.
Second, previous NMR reports have established that when
CYP17A1 is saturated with different substrates in solution the
residues in the F- and G-helices are differently affected (24),
supporting the concept that different substrates shift the equi-
librium between distinct conformational states. Third, the pop-
ulation of conformational states is further influenced by addi-
tion of b5 (24). Thus, binding of pregnenolone promotes a
conformational state labeled here as state A, which would be
capable of interaction with CPR to perform the hydroxylase
reaction in a canonical P450 reaction cycle.

However, when 17�-hydroxypregnenolone is bound and b5
is present, a progressive conversion to a different conforma-
tional state is known to occur (24), which is called the B state in
Fig. 8. NMR and mutational studies have previously shown that
the anionic b5 residues Glu-48 and Glu-49 are essential for
binding to CYP17A1, and CYP17A1 residues Arg-358 and Arg-
449 are likewise essential for binding b5 (23). Although b5 binds
to the proximal face of CYP17A1, several of the residues
affected by this interaction are located on the opposite side of
CYP17A1 in the F and G regions of the protein that interact
with the membrane and are involved in substrate access. This
suggests that the CYP17A1�b5 interaction, which promotes the
lyase reaction 10-fold, may do so by reinforcing this B confor-
mation with an F/G structure that reduces dissociation of the
lyase substrate. In addition to the structural data (24), an allos-
teric role for b5 has long been postulated in P450 regulation (14,
55, 56). This is particularly true for CYP17A1 because either the
apo- or holo-form of b5 has been shown to enhance lyase activ-
ity 10-fold without electron transfer (15). The second element
of this model is CYP17A1 interaction with b5 versus CPR or the
FMN domain. Because 1) CYP17A1 requires two electrons
delivered by CPR in order for catalysis of the lyase reaction to
occur and 2) CPR and b5 are thought to have at least a partially
overlapping binding site on the proximal CYP17A1 face (13,
20), the binding and electron delivery by CPR necessitates the
release of b5 (Fig. 8). As demonstrated by NMR, either CPR (23,
24) or its isolated FMN domain (Fig. 7) can indeed displace b5.
It is the latter interactions between the CPR FMN domain and
CYP17A1 that are the primary focus of this work.

B.

A. CYP17A1(17α-OH pregnenolone) ● FMN domain ● 15N-b5

CYP17A1(pregnenolone) ● FMN domain ● 15N-b5

9.9010.0

b5
E48

9.509.60

b5
E49

1H (ppm)

0  : 0 : 1

0.25  : 3 : 1

0.25  : 1 : 1

0.25  : 0 : 1

9.9010.0 9.509.60

1H (ppm)

0  : 0 : 1

0.25  : 3 : 1
0.25  : 1 : 1
0.25  : 0 : 1

0.25  : 5 : 1

b5
E48

b5
E49

FIGURE 7. Competition by the FMN domain of the CYP17A1, b5 complex.
Monitoring the complex from the perspective of 1H-15N b5, in which unla-
beled FMN domain is titrated into different samples, reveals a gradual release
of b5 from the complex as reported by the most affected residues Glu-48 and
Glu-49. The release of b5 is noticeably more pronounced from the
CYP17A1(17�-hydroxypregnenolone) complex (A) than for the pregneno-
lone-bound complex (B).
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The isolated FMN domain, which has the same structure as
in the full-length CPR enzyme (4 – 6) and which is active in
electron transfer (27, 28), is used herein. Not surprisingly, the
current NMR data implicate residues surrounding the flavin
prosthetic group of the FMN domain in interactions with
CYP17A1, because intensities for these residues show the most
significant intensity reductions upon combination of the two
proteins (Figs. 1B and 2C). The affinity for FMN domain bind-
ing to CYP17A1 appears to differ somewhat in the presence of
different substrates (Fig. 2C). Herein, the 17�-hydroxypreg-
nenolone-bound B state appears to associate more strongly
with the FMN domain than the pregnenolone-bound A state
(depicted by relative arrow size between CYP17A1 and CPR in
Fig. 8). This result is consistent with similar results using CPR,
where CPR displaced more b5 from CYP17A1(17�-hydroxy-
pregnenolone) than from CYP17A1(pregnenolone). This idea
is also consistent with previous proposals for a stronger elec-
tron transfer complex during the b5-modulated lyase reaction
(14) and enhanced lyase activity observed in phosphorylated
CYP17A1 (proposed to enhance its interaction with CPR) (57).
Finally, reports that disrupted lyase activity resulting from
mutations in the surface of CYP17A1 implicated in b5 binding
(R347H and R358Q) can be partially overcome by the presence
of both b5 and CPR together (58) and also suggest a b5-related
enhancement of the CYP17A1�CPR complex.

Further comparisons between CYP17A1 interactions with
FMN domain and b5 are consistent with the proposed model.
The two binding partners have subtly different interactions
with residues on the CYP17A1 proximal face, including Ile-344
and Leu-350 (Fig. 4B). This is further underscored by the fact
that mutation of CYP17A1 proximal residues Arg-358 or Arg-
449 each disrupt b5 binding (23), but neither single mutation
disrupts FMN domain binding (Fig. 4D). Although the FMN
domain appears to bind to CYP17A1 with higher affinity than
b5 (Fig. 3D), the FMN domain does not appear to substantially
alter the CYP17A1 conformation like b5 does, as evidenced by
the absence of peak splitting that was observed for interaction
with b5. Aside from one resonance in the J-J� loop on the
CYP17A1 proximal face, interaction with the FMN domain has
the most significant effects on the resonances of residues lining
the CYP17A1 active site (Fig. 3A) that may help promote sub-
sequent steps in the catalytic cycle.

Notably, at no point has the NMR data using the soluble
domains supported the presence of a trimeric complex. Although
there is a detectable interaction between b5 and the FMN domain,
which may contribute to the reported ability of CPR to reduce b5
directly in vitro (50), such an interaction appears to be very weak
and may not be physiologically relevant.

In summary, the structural data herein provide a structural
mechanism bridging both conventional hypotheses, in which

A B

pregnenolone

H

H

H
HO

O

17α hydroxylase
reaction

17,20-lyase 
reaction

b5

17α-hydroxypregnenolone
b5

H

H

H
OH

O

HO

+

CPR  ● CYP17A1(17α-OH pregnenolone)

CYP17A1(17α-OH pregnenolone)CYP17A1(pregnenolone)

CPR ● CYP17A1(pregnenolone) 

FIGURE 8. NMR supported model of CYP17A1 regulation. This and recent NMR studies support a two-step model of CYP17A1 regulation. First, turnover of
hydroxylase substrate in combination with the effects of b5 promote a redistribution of populated states as supported by Ref. 24. The hypothetical state B then
results in a stronger association with CPR resulting in displacement of b5. A stronger association with CPR (as reported by enhanced displacement of bound b5)
in the presence of lyase substrate is supported by this along with a previous study (23).
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CYP17A1 regulation of the CYP17A1(17�-hydroxypreg-
nenolone) lyase reaction is achieved first via a b5-induced allos-
teric effect, followed in turn by a stronger association with CPR.
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